The phase equilibrium diagram for the binary system bismuth sesquioxide-niobium pentoxide has been constructed from observations of fusion characteristics and X-ray diffraction data. In the system five binary compounds were observed with Bi 2 O3:Nb 2 O 5 ratios of 5:3, 1:1, 4:9, 1:5, and 1:6. The 1:1 compound was found to transform irreversibly (in laboratory time) from the orthorhombic bismutotantalite type structure to a triclinic form at about 1,020 °C and melt congruently at 1,245 °C. The 5:3 compound melts incongruently at 1,193 °C the 4:9 at 1,183 °C and the 1:6 at 1,242 °C. The 1:5 compound has a maximum temperature of stability at 1,095 °C and the 4:9 and 1:6 compounds have minimum temperatures of stability at 1,070 °C and 1,002 °C respectively. Nb 2 O 5 was found to enter into solid solution in Bi 2 O3, up to about 23.5 mole percent Nb 2 O 5 . The melting point is increased and the monoclinic-cubic phase transformation temperature is decreased. A morphotropic phase change occurrs at about 19.5 mole percent Nb 2 O 5 from the cubic to a pseudocubic structure.
Introduction
A study of phase relationships in the binary system Bi 2 O 3 -Nb 2 O 5 has been conducted as part of a program of fundamental phase equilibria studies of ceramic materials. Attempts to synthesize an orthorhombic BiNbO 4 compound isostructural with the mineral bismutotantalite have been reported as failures by several workers [1, 2] . 1 Aurivillius [2] has indicated that the resultant material was triclinic. No systematic attempt to study the phase equilibrium relations in the entire binary system has been previously published.
X-ray diffraction data, together with the melting points of the compounds and the solidus and liquidus temperatures at various compositions across the system have been obtained in order to construct an equilibrium diagram.
Sample Preparation and Test Methods
The following starting materials were employed for the preparation of specimens :
Nb 2 O 5 -high-purity grade niobium pentoxide. Spectrographic analysis indicated less than about 0.01 percent Si, 0.001 percent Ca and Mg, with As, Cu, and Ta only questionably present.
Bi 2 O 3 -Reagent grade bismuth sesquioxide. Spectrographic analysis indicated less than about 0.01 percent Fe and Si, 0.001 percent Al and Pb, and 0.0001 percent Ag, Ca, Cr, Cu, Mg, and Mn, with Co questionably present.
For the preparation of the specimens the weight percentages were calculated to within ±0.01 percent, with no corrections made for percentage purity of ' Figures in brackets indicate the literature references at the end of this paper. the raw materials except for loss on ignition. The starting materials were weighed to the nearest ±0.1 mg, in sufficient quantities to yield 3 g batches. For most compositions each batch was mixed in a mechanical shaker for about 15 min and pressed into a disk in a % in. diam mold at 10,000 lb/in. 2 The disks were sandwiched between Pt foil disks, stacked in a MgO crucible and calcined in air to 700 °C for either 3 or 6 hr in an electrically heated furnace. Some compositions were prepared by grinding a slurry of the weighed mixture and alcohol with an agate mortar and pestle for a few minutes. The slurry was then allowed to dry in air or dried under an infrared lamp, or in a drying oven, then pressed into a pellet and fired in the usual manner.
Following the preliminary heat treatment the disks were ground in an agate mortar, remixed, and a portion of the specimen reformed in a % in. mold at 10,000 lb/in. 2 and reheated to a desired temperature.
Subsolidus as well as melting point data were obtained by the quenching technique on samples sealed in platinum tubes. An electrically heated vertical tube furnace wound with 80 percent Pt-20 percent Rh wire was used for the quenching experiments. The furnace was controlled by an a-c Wheatstone bridge controller which was capable of holding the temperature to at least ±2 °C for an extended period of time. Temperatures were measured with a Pt versus Pt 10 percent Rh thermocouple which had been calibrated against the melting points of NaCl (800.4 °C [3] ) and Au (1,063 °C [4] ). The thermocouple was recalibrated several times during the course of the work. When the tubes were opened the specimens were examined for physical appearances of melting. Specimens were suspended in the furnace by fine Pt wire. In order to quench, the wire was burned off, allowing the sealed tubes to drop out of the heating chamber into a beaker of water. The first sign of glazing of the surface of the specimen was interpreted as the first experimental evidence for the solidus temperature. Acceptance of this appearance as evidence of melting was found justified in many specimens by an abrupt difference in the X-ray diffraction patterns of the specimens. The formation of a concave meniscus, without the formation of relatively large crystals, indicated the liquidus temperature. The precision of the temperature measurements for the experimental data points is about ±2 °C and the overall accuracy of the reported temperatures is probably about ±5 °C.
Equilibrium was considered to have been obtained when the X-ray diffraction patterns of specimens successively heated for longer times and/or at higher temperatures showed no change. X-ray diffraction powder patterns were made using a high angle recording Geiger counter diffractometer and nickel-filtered copper radiation, with the Geiger counter traversing the specimen at }4°20/min and the radiation being recorded on the chart at l°20/in. The unit cell dimensions reported can be considered accurate to about ±2 in the last decimal place listed. 
Compounds in the Bi

a. Low-Temperature Monoclinic Modification
It has been recognized by several workers [5, 6, 7, 8] that the monoclinic form is the true low-temperature stable modification. The structure of this phase has been described by Sillen [6, 9] who has shown by single crystal studies that, although the powder pattern can be indexed on the basis of orthorhombic symmetry, the true symmetry is monoclinic. The indexed X-ray diffraction powder pattern has been given by Sillen [6] and by Swanson et al. [10] .
b. High-Temperature Cubic Modification
The monoclinic form of Bi 2 O 3 transforms reversibly to a high-temperature form above 700 °C. This transformation was first reported by Guertler [5] to be at 704 °C using DTA apparatus, but since the composition of the container was not stated the results of this work were questioned by Schumb and Rittner [7] . Apparently only Pt can be used as a container for Bi 2 O 3 at any appreciable temperature without fear of considerable contamination. Schumb and Rittner [7] , using Pt containers found a temperature of 710 °C as the transformation point. However, they postulated that the high-temperature form was tetragonal.
DTA and high-temperattire X-ray data (to be reported in more detail in a future publication) have shown that the Bi 2 O 3 used in this study transforms from monoclinic to cubic at^730 ±5 °C, this phase remaining stable to the melting point at 825 ±5 °C. However, on cooling the cubic form of Bi 2 O 3 , it was observed that the monoclinic phase did not reform at 730 °C. Instead, the cubic phase supercooled to about 650 °C, then transformed to a tetragonal phase before reverting again to the monoclinic form at about 450 °C.
The cubic form has an X-ray diffraction powder pattern resembling that of a face-centered cubic cell of about 5.5 A. However Sillen [6] has pointed out that it is probably simple cubic with ordered oxygen vacancy positions somewhat similar to the cubic forms of Sb 2 O 3 and As 2 O 3 .
c. Metastable Tetragonal Modification
A tetragonal form, structurally related to the cubic modification, was first reported by Sillen [6] who prepared it by very fast cooling of Bi 2 O 3 vapor. It was also prepared by Schumb and Rittner [7] by a different method of condensation of a vapor. Both workers used a graphite furnace. The tetragonal form could not be obtained in this laboratory by condensing Bi 2 O 3 vapors from a Pt dish of molten Bi 2 O 3 onto a glass slide. It is still not known whether the graphite is necessary for obtaining the tetragonal form at room temperature. DTA and high-temperature X-ray patterns made in this laboratory on pure Bi 2 O 3 indicate that under the conditions of the experiments the tetragonal form only occurs on cooling of the cubic form. It is found only in the range of 650 to 450 °C where the monoclinic form is the stable phase.
Sillen [6] reported the unit cell dimension of the tetragonal phase to be a= 10.93 A, c = 5.62 A, and Schumb and Rittner [7] Sillen [6] first reported the occurrence of a bodycentered cubic phase (a= 10.08 A), which he found by fusing Bi 2 O 3 in a porcelain crucible. He recognized that this phase was probably impure, and considered it to be a compound of Bi 2 O 3 and a second metal oxide in the proportion of about 12 Bi +3 ions to one other metal cation. Schumb and Rittner [7] were able to prepare a body-centered cubic phase (a= 10.245 A) which they considered to be a metastable form of pure Bi 2 O 3 (2=13) different from Sillen's phase. However, this phase could only be made by moderately fast cooling of the previously formed tetragonal phase. It should be pointed out here that even this "pure bismuth oxide" bodycentered cubic phase may well have had some carbon atoms present in the lattice, since the original tetragonal material had been prepared in a graphite crucible. In this laboratory a bodycentered cubic phase has been found to occur in a large number of binary systems containing Bi 2 O 3 . The thermal stability of the phases found in these systems will be discussed in a future publication.
Compound 5Bi 2 O 3 -3Nb 2 O 5
A compound was found in the present study at a ratio of 5Bi 2 O 3 -3Nb2O 5 . The X-ray diffraction powder pattern listed in table 1 can be partially indexed on the basis of a tetragonally distorted pyrochlore type structure with a c/a ratio less than one. The pseudotetragonal parameters are a= 10.912 A, c = 10.496 A. If the c axis is doubled (20.992 A) then the relatively strong peak at 6.99 A can be indexed as (003). However, this larger value does not account for all the extra peaks and the true symmetry is probably less than tetragonal. It should be noted that the powder pattern is always of quite poor quality regardless of the temperature from which the specimen is quenched or the length of time at which the specimen is held at temperature. This phenomenon is often indicative of a nonquenchable phase transformation and may indicate that the compound is actually tetragonal somewhat above room temperature.
The X-ray diffraction powder pattern of the compound 5Bi 2 O 3 -3Nb 2 O 5 is similar to that of the pseudotetragonally distorted pyrochlore previously found for 3PbO-Nb 2 O 5 [11] . However, in the latter compound the c/a ratio is greater than one instead of less than one. Another example of a tetragonally distorted pyrochlore with c/a less than one was found by C. R. Robbins of this laboratory, in a specimen of 2Bi 2 O 3 :GeO 2 quenched from the liquid. [2] attempted to synthesize BiNbO 4 and BiTaO 4 but found that the synthetic compounds were different from the naturally occurring J)ismutotantalite, which is orthorhombic [12] and apparently isostructural with stibiotantalite (SbTaO 4 ) and antimony tetroxide (Sb 2 O 4 ) [Dihlstrom, 1] .
a. Low-Temperature Orthorhombic Modification
The low-temperature orthorhombic modification, was found in all solid-state preparations of the 1:1 composition heated below about 1,020 °C. However, once the high temperature modification was formed the transformation could not be reversed by heating at lower temperatures. The X-ray diffraction powder pattern of the low-temperature modification is given in table 2, indexed on the basis of an orthorhombic unit cell with a=4.980 A, & = 11.70 A, and c=5.675 A. From about 1,020 °C to the melting point, about 1,245 °C, the stable modification of Bi 2 O 3 Nb 2 O5 is the triclinic form reported by Aurivillius [2] . The X-ray diffraction powder pattern, listed in table 3, was indexed on the basis of a triclinic unit cell with a = 7.61iA, 6 = 5.53 6 A, c=7.91 9 A, a=89.88°, /3= 77.43°, 7=87.15° as compared with the rather inaccurate values calculated by Aurivillius [2] from Weissenburg photographs of a=7.7iA, 6 = c=7.9 7 A, a=89°, 0=77°, T =87°. hkl* a Due to the complexity of the pattern only those hkl values have been given which can be assigned with reasonable certainty.
Compound 4Bi 2 O 3 -9Nb 2 O 5
This compound was found to be stable from about 1,070 °C to the incongruent melting point ot 1,183 °C. The X-ray diffraction powder pattern, listed in table 4, can be indexed on the basis of a hexagonal unit cell with a=6.447A, c= 19.778 A. There is no indication on the powder pattern that the true symmetry might have a= V3 6.447 A=11.166 A.
A compound with a similar X-ray diffraction powder pattern Ba(Nb. 75 Li.25)03 has a= V^ 5.797 A =10.040 A, c=19.072A; the increase in a is represented by only one small peak in the powder diffraction pattern. These X-ray diffraction powder patterns are similar to those of the hexagonal com- [14] , HexBaTiO 3 [15] and Rhomb PbONb 2 O 5 [11] . It can be assumed that all of these compounds are structurally related, the major difference being in the stacking sequence of layers of the large cations plus O~2 ions. C. The unindexed X-ray diffraction powder pattern of this compound is given in table 6. The X-ray patterns of these two compounds are very complex and obviously of low symmetry. From the general appearance of the two patterns it can be concluded that these two compounds are structurally related and probably also structurally related to pure Nb 2 O 5 . 
Discussion of Phase Equilibria
The phase equilibrium diagram of the binary system Bi 2 O 3 -Nb 2 O 5 is shown in figure 1. The experimental data from which this diagram was constructed are given in Do.
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a All calcined specimens were heated and cooled at the rate of approximately 4°/min. All specimens were first calcined at 700 °C and then small portions of this calcine were recalcined at one or more desired higher temperatures.
b All specimens were quenched in sealed Pt tubes. » This material was poorly crystalline and the value given is an average-value for the cubic and tetragonal phases. There is little or no solid solution on either side of this compound, or any other of the compounds in the binary system, as shown by the similarity of the unit cell dimensions of the pure compound to those of the same compound in a two phase region.
The liquidus again rises smoothly from the 1,193°C peritectic to the congruent melting point of Bi 2 O 3 Nb 2 O 5 at 1,245 °C. This compound was observed to crystallize in two polymorphic forms.
The low-temperature orthorhombic form was found to^transform to the triclinic form at-about 1,020 °C. However this phase transformation could not be reversed. Neither polymorph appeared changed after 184 hr at 1,008 °C, but a small amount of the high-temperature form was present in the original low form after 114 hr at 1,024 °C (see table 7 ). Because of the inability to reverse the phase transformation the polymorphic change is shown as a dashed line in figure 1.
The liquidus curve falls smoothly from 1,245 °C to a eutectic at 1,180 °C and about 64 mole percent Nb 2 C>5. The liquidus then rises very shallowly to a peritectic point at about 68 mole percent Nb 2 
Metastable Phases
The Perovskite Phase
When compositions containing more than 50 mole percent Nb 2 O 5 were quenched from above the solidus a metastable phase always formed from the liquid. The maximum amount of this phase occurred around the composition Bi 2 O 3 :3Nb 2 O 5 . The X-ray diffraction pattern of this phase could be interpreted as that of a poorly crystalline cubic perovskite with a^3.94A. Specimens quenched from above about 1,380 °C (well above the liquidus) contained another metastable phase which had an X-ray diffraction pattern similar to the cubic perovskite, but with extra lines. The metastable perovskite in this system can be compared with the distorted perovskite compound La 2 O 3 -3Nb 2 O 5 , previously reported [21] .
The System Bi 2 O 3 -Nb 2 O 5 -Alcohol
A large number of metastable phases were found to occur in the Bi 2 O 3 -Nb 2 O 5 system if either methyl or ethyl alcohol was used for wet mixing of the end members, and the resultant material was pressed into a pellet and fired without first thoroughly drying the mixture. Two separate body centered cubic phases were observed in mixtures containing 3 to 25 mole percent Nb 2 O 5 which had been wet mixed with methyl alcohol. The first phase, labeled b.c.c. in table 7 , had a unit cell dimension of a = 10.263 A. This phase decomposed quickly in quench runs above 750 °C and did not affect the melting point measurements. However specimens containing 16 to 24 mole percent Nb 2 O 5 originally mixed with methyl alcohol contained large amounts of a second body centered cubic phase (labeled b.c.c/ in table 7) with a about 10.15 to 10.19 A. These specimens were found to dissociate to unknown phases which had metastable melting points several hundred degrees below the melting values of specimens prepared without alcohol, and had to be discarded. For these latter compositions only the dry-mixed specimens are reported in table 7. Other unknown phases were found in mixtures containing 1 to 4 mole percent Nb 2 O 5 which had been wet-mixed in ethyl alcohol and were also discarded for +3 and O~2 ions with a large tetrahedrally coordinated hole in the center [6, 8] . This host lattice, by itself apparently thermodynamically unstable, is stabilized in some cases by the addition of a second component in the central hole. It is possible that this phase may therefore be a clathrate type compound. A more complete study by high-temperature X-ray diffraction, of the body-centered cubic phase with a large number of other oxides will be discussed in a future publication.
Summary
The system Bi 2 O 3 -Nb 2 O 5 was studied by means of solid state reactions, fusion characteristics, and X-ray diffraction data. The existence of five compounds in this system was shown. 
